The current topological model for the Escherichia coli outer membrane protein OmpA predicts eight N-terminal transmembrane segments followed by a long periplasmic tail. Several recent reports have raised serious doubts about the accuracy of this prediction. An alternative OmpA model has been constructed using (1) computer-aided predictions developed specifically to predict topology of bacterial outer membrane porins, (2) the results of two reports that identified sequence homologies between OmpA and other peptidoglycan-associated proteins, and (3) biochemical, immunochemical, and genetic topological data on proteins of the OmpA family provided by numerous previous studies. The new model not only agrees with the varied experimental data concerning OmpA but also provides an improved understanding of the relationship between the structure and the multifunctional role of OmpA in the bacterial outer membrane.
, and as a structural component of the outer membrane (Sonntag et al., 1978) ; furthermore, OmpA is required for the action of certain colicins (Davies & Reeves, 1975) and for efficient F-factor-dependent conjugation (Schweizer & Henning, 1977) . It has served as a model system for the study of outer membrane protein export (Klose et al., 1988; Surrey & Jahnig, 1992 ; Rodionova et al., 1995) and as part or all of a vector system for the cell-surface display of foreign proteins (Francisco et al., 1993; Georgiou et al., 1996; Stathopoulos et al., 1996) and peptides (Freudl, 1989) . Despite the lack of information about the crystal structure of OmpA, genetic and biochemical analyses have provided the basis for establishing a topological profile of the protein. This model of OmpA predicts eight N-terminal transmembrane segments followed by a long periplasmic C-terminal tail (Morona et al., 1984) . No transmembrane segments were proposed in the C-terminal region of the protein, because (1) no surface-exposed loops were identified in that region of the protein by bacteriophage mapping (Morona et al., 1984 (Morona et al., , 1985 , and (2) the C-terminal domain underwent complete digestion by exogenous proteases in studies conducted with outer membranes but was completely protected in studies conducted with intact cells (Schweizer et al., 1978) .
Since the eight-stranded OmpA model was proposed, an enormous amount of information regarding outer membrane protein structure and OmpA function has been published, indicating that the current topological model should be reevaluated. More specifically, the following information has been discovered. (1) All outer membrane proteins with known crystal structures have more than eight transmembrane 0 strands. All porins but one have 16 transmembrane 0 strands (Cowan et al., 1992; Weiss & Schulz, 1992; Kreusch & Schulz, 1994) ; the only known exception, LamB, has 18 (Schirmer et al., 1995) . (2) Topological analysis of the Pseudomonas aeruginosa porin OprF (whose carboxy terminal domain shares 33% identity and 55% homology with the carboxy terminal domain of OmpA) by monoclonal antibody mapping and foreign-peptide insertions has indicated that OprF contains approximately 16 transmembrane spans, 8 of which are in the C-terminal domain (Wong et al., 1993; Rawling et al., 1995) . It is well established that proteins sharing more than 50% sequence homology adopt the same fold (Clothia & Lesk, 1986) . Proteins homologous over a length of at least 80 residues with at least 30% identical residues are predicted to share more than 70% secondary structure identity (Sander 8~ Schneider, 1991) ; two or more proteins with 30% sequence identity differ in their three-dimensional core structure by less than 1.5 A (Clothia & Lesk, 1986) . Therefore, the OmpA and OprF carboxy halves are expected to be similar in chain fold and overall shape. Moreover, OprF appears to be able to substitute for the structural role of OmpA in an Ipp mutant background (Woodruff & Hancock, 1989) . Because it is believed that the C-terminal halves of the two proteins and not the N termini are involved in their structural role in the outer membrane, this observation further supports the hypothesis of analogous C-terminal structures between OmpA and OprF. (3) Klebba and coworkers have isolated a monoclonal antibody that recognizes a sequential epitope within the OmpA C-terminal domain that is removed by trypsin digestion; surprisingly, the epitope region was found to be surface-exposed, because the antibody reacted with intact bacterial ompA+ cells in flow cytometry (P. Klebba, pers. comm.) . Presumably, part of the C-terminal domain is exposed on the cell surface. (4) OmpA is a heatmodifiable protein that migrates faster on electrophoresis gels when it is solubilized at 50 "C than at 100 "C. It has been suggested that an intact fi structure is required for the protein to maintain its temperature-dependent mobility (Heller, 1978) . Recent studies with C-terminal truncated OmpA proteins revealed an unexpected result: a truncated OmpA (aa 1-171) was found to exhibit a different heat modifiability than the wild-type OmpA (Ried et al., 1994) . This observation indicates that part of the C-terminal domain may participate in the formation of the native / 3 structure. (5) Diffusion studies on OmpA have suggested that the protein exists in two forms, one with an open and another with a closed channel. The diameter of the channel has been estimated to be approximately 1 nm, similar to that of general porin channels (Sugawara & Nikaido, 1994) . However, it seems unlikely that an eight-stranded fi barrel could form a functional channel of this size. Sugawara and Nikaido suggested two hypotheses to explain these results: either more than eight fi strands are involved in the formation of the OmpA pore, or more than one OmpA molecule is needed for the formation of an open channel (Sugawara & Nikaido, 1994) . However, most studies indicate that OmpA is a monomeric membrane protein.
(6) Proteolytic studies of outer membrane proteins have shown that short extracellular or periplasmic loops are proteaseresistant, and only longer loops, usually of more than 15 to 20 amino acid residues, are accessible to proteases (Koebnik & Braun, 1993) . Therefore, the interpretation of previous protease accessibility experiments with OmpA is problematic. The fact that the OmpA C terminus is resistant to proteases added extracellularly does not necessarily indicate that it does not contain surface-exposed regions, nor does its sensitivity to proteases that can reach the periplasmic surface indicate that the entire domain is localized in the periplasm. Furthermore, recent studies have established that bilateral proteolytic treatment of outer membranes does not always provide reliable information on protein topology, because it can cause loss of (3 strands (Ried et ai., 1994) . Therefore, the loss of the entire C terminus after treatment of outer membranes by trypsin does not prove that the entire sequence is localized in the periplasmic space.
Clearly, these reports raise serious questions about the accuracy of the current topological model for OmpA. Jeanteur et al. (1994) used a computer method to identify transmembrane segments in OmpA. The algorithm uses multiple criteria (such as 171 sequence alignment, turn prediction, and hydrophobicityamphipathicity analyses) to determine the positions Of transmembrane (3 strands. The method unambiguously predicted two more transmembrane / 3 strands (aa 197-204 and 309-315) within the C-terminal half of the polypeptide, with amphipathic CY helices located between them. Application of the algorithm of Schirmer and Cowan (1993) to OmpA identifies the same two strands, and also suggests additional C-terminal transmembrane segments (Fig. 1) . Similarly, a third prediction (Ferenci, 1994) , which relies on multiple alignment of homologous sequences to identify positions for putative transmembrane segments, predicts transmembrane segments at the same positions suggested by the Schirmer and Cowan prediction, with the exception of the region at peak no. 13 shown in Figure 1 (data not shown) . In an attempt to correlate immunologic, biochemical, and genetic data derived from studies on proteins of the OmpA family with the three computer predictions described above, I constructed a new OmpA model. More specifically, this model was based on (1) OmpA topology data from previous studies (Chen et al., 1980; Braun & Cole, 1984; Morona et al., 1984 Morona et al., , 1985 Vogel & Jahnig, 1986; Freudl, 1989; Ried et al., 1994; Ruppert et al., 1994) ;
(2) the OmpA structure predictions of Jeanteur et al., Schirmer and Cowan, and Ferenci; (3) topological information from studies on the OprF C-terminal region (Wong et al., 1993; Rawling et al., 1995) ; and (4) two recent reports (De Mot & Vanderleyden, 1994; Koebnik, 1995) that identified conserved residues and a common sequence motif between OmpA-related outer membrane proteins and MotB, a peptidoglycan-associated protein of gram-positive bacteria. OmpA residues involved in direct interaction with peptidoglycan are expected to lie on the periplasmic side of the membrane.
The model shown in Figure 2 is consistent with most of the available data on OmpA topology. The prediction for the N-terminal domain in the new model is consistent with that of the previous model. Seven of the eight residues that are homologous or identical between OmpA and MotB and identified by amino acid residues in squares, sites of point mutations that result in impairment of OmpA-specific phages (Morona et al., 1984 (Morona et al., , 1985 ; circled amino acids, residues that are conserved or homologous between OmpA-related proteins and MotB and found important for the MotB function (De Mot & Vanderleyden, 1994); +, sites of peptide insertions determined to be on the surface of the cell (Freudl, 1989; Ruppert et al., 1994) ; +, site of peptide insertion determined to be not exposed on the surface (Freudl et al., 1986) ; -, sites of peptide insertions determined to be periplasmic by in vitro proteolytic studies (Ried et al., 1994) ; open letter peptides, sequences homologous to monoclonal anti-OprF antibody epitopes determined to be surface-exposed (Rawling et al., 1995) ; b, sites homologous to OprF sites proposed to be on the surface by peptide insertion studies (Rawling et al., 1995) ; e , cleavage site for pronase in experiments conducted with outer membranes (Chen et al., 1980) ; 9, sites where gaps had to be introduced for the alignment of OmpA protein sequences from five different species (Braun & Cole, 1984) ; -, disulfide bond; peptides in rectangles, transmembrane segments Ml-Ml6. site-directed mutagenesis as important for the MotB function were placed in the periplasmically exposed loops of OmpA. (There is no evidence that all eight residues are involved in direct interactions with the peptidoglycan. It is possible that some of them may be important only for maintenance of a common structural motif, and, therefore, they may not be exposed in the periplasm.) Koebnik (1995) has proposed that the sequence N249-L264 folds in an a-helical structure and interacts noncovalently with peptidoglycan. The above sequence, a common motif in all OmpA-related proteins, is part of the largest periplasmic loop in the model proposed by this study. If this sequence is sufficient to anchor OmpA to peptidoglycan, it is unclear why OmpA would need almost 50% of its sequence to be periplasmic, as proposed by the standard OmpA model. The proposed revised model provides a new interpretation of the OmpA proteolytic studies mentioned previously. The C-terminal region includes two large periplasmic loops that could possibly serve as cleavage sites for proteases such as trypsin and proteinase K. Both loops contain several lysine or arginine residues. In fact, cleavage by trypsin after the lysine residue K206 located in the fifth periplasmic loop could generate an N-terminal fragment of 22.6 kDa, and after the arginine residue R242, a fragment of 26.6 kDa, which are similar in size to the tryptic fragments reported earlier (22 and 26 kDa; Ried et al., 1 994).
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It is noteworthy that the proposed OmpA structure exhibits some features not seen in other outer membrane porins, including (I) two long periplasmic loops, (2) no hydrophobic amino acid residues (Phe, Tyr, or Trp) in its 60-amino-acid carboxy region, (3) most C-terminal spanning regions and surface loops (with the exception of the last loop) shorter than those of the N-terminal region (the short surface loops of the carboxy half may explain why these regions are not important for phage attachment), and (4) a region rich in proline residues (aa 177-187). These features may be important for the functions of the protein in the outer membrane. The large periplasmic loops may contribute to the structural role by interacting with the periplasmic peptidoglycan layer. It is possible that a portion of the OmpA C terminus (including some of the proposed transmembrane segments) may adopt an a-helical conformation and be located inside the porin channel, at least in porins with closed channels. This hypothesis is consistent with predictions for a-helical content in the C-terminal domain made on the basis of Raman spectroscopy (Vogel & Jahnig, 1986 ) and computer methods (Jeanteur et al., 1994; Koebnik, 1995) and may explain why the N-terminal eight-stranded domain can exist alone in the membrane in a stable conformation (Ried et al., 1994) . Transmembrane segments M9, MI I , and MI5 are suitable candidates for folding into an a-helical conformation and residing inside the @-barrel channel.
